The synthetic oligodeoxynucleotide CpG 7909, which contains unmethylated cytosine/guanine (CpG) motifs, has potent immunostimulatory effects when coadministered with NY-ESO-1 peptides or recombinant NY-ESO-1 protein, resulting in an enhanced cellular and humoral immune response against the vaccine antigen. In this study, we report the development of anti-CpG-ODN antibodies in 21 of 37 patients who received CpG 7909 either alone or as a vaccine adjuvant. Specific anti-CpG immunoglobulin G (IgG) antibody titers ranged from 1:400 to 1:100,000. The anti-CpG antibodies cross-reacted with other synthetic CpG-ODNs but not with the DNA of mixed bacterial vaccine and were shown to be phosphorothioate backbone specific. Vaccine-related severe side effects observed in some patients were most likely not related to the development of anti-CpG antibodies. In addition, anti-CpG antibodies did not have negative effects on the vaccine immune response. These results show that antiCpG antibodies develop in humans against short unmethylated CpG dinucleotide sequences after administration of CpG 7909. Our data therefore substantiate the potency of CpG 7909 to directly stimulate human B-cells and suggest that anti-CpG antibody monitoring should be a part of ongoing and planned clinical trials with CpGODNs. Cancer Res; 72(17); 1-7. Ó2012 AACR.
Introduction
CpG motifs are present in bacterial DNA and many viruses (1) . Synthetic oligodeoxynucleotides containing unmethylated CpG motifs can mimic the immunostimulatory effects of bacterial DNA and are recognized by Toll-like receptor 9 (TLR9) expressed in different cell types of the innate immune system (2, 3) . Following activation through CpG-ODNs, TLR9 in plasmocytoid dendritic cells and B-cells initiates the secretion of cytokines and the upregulation of costimulatory molecules, which in turn promotes T-helper (T H )-1-like adaptive immune responses (4) . On the basis of their phosphate backbones (phosphodiester or phosphorothioate), location and number of CpG dinucleotides, palindromic sequence, and their effect on human peripheral blood mononuclear cells, CpG-ODNs have been classified into A-, B-, and C-class oligodeoxynucleotides. A-class CpG-ODNs have been found to induce high levels of IFN-a and NK cell activation. B-class CpG-ODNs principally act on B-cell and monocyte activation. They also stimulate the maturation of pDC and IFN-a production but to a lesser extent than A-class oligodeoxynucleotides. C-class oligodeoxynucleotides combine the stimulatory properties of A-and B-type oligodeoxynucleotides (5, 6) . Because the natural phosphodiester backbone of native DNA is rapidly digested by serum and cellular nucleases, CpG-ODNs generally use the nuclease-resistant phosphorothioate-modified backbone in which the nonbridging oxygen atoms in the phosphodiester bond have been replaced by sulfur atoms. In recent years, various chemically modified forms of CpG-ODNs have been tested in clinical trials for the treatment of infectious disease, allergies, and cancer (7) . The most widely used CpG 7909, a class B oligodeoxynucleotide with the sequence 5 0 -TCG TCG TTT TGT CGT TTT GTC GTT-3 and a full phosphorothioate backbone, contains four CpG dinucleotides and three times the hexanucleotide sequence 5 0 -GTCGTT-3 0 , motifs that are known to be optimal to stimulate human immune cells. Our group and others have shown that CpG 7909, when used as an adjuvant for NY-ESO-1-specific cancer vaccines, has the potency to increase the immunogenicity of peptide-and protein-based vaccines by the induction of antigen-specific T cells and antibodies (8) (9) (10) (11) (12) . CpG 7909 seems to be generally well tolerated with adverse events including flu-like symptoms and local injection site reactions. However, several safety concerns are raised by the use of CpGODNs as a vaccine adjuvant. These include the development of autoimmune disease or the overproduction of cytokines such as TNF-a that can cause life-threatening toxic shock (7) . Recently, it has been shown that severe side effects in CpG-ODN-treated mice may be attributed to the phosphorothioate-modified backbone that induced anti-CpG-ODN IgM antibodies in a CG-independent manner (13) . In the present report, we describe for the first time the occurrence of human antiCpG immunoglobulin G (IgG) antibodies after treatment with CpG 7909. Anti-CpG antibodies did not appear to be directly related to severe side effects but rather provide important information on the intensity of the immune response triggered by CpG-ODNs.
Materials and Methods

Oligodeoxynucleotides
CpG 7909 was synthesized and provided by Coley Pharmaceutical Group. All other oligodeoxynucleotides were purchased from Invivogen. Oligodeoxynucleotides were resuspended in sterile endotoxin-free water and stored at À20
C.
Measurement of antibody responses by ELISA
CpG-specific antibodies were measured in the serum by standard ELISA assays as previously described (12) . Briefly, sera were added to 96-well plates (Nunc Maxisorb) coated with 5 mg/mL (50 mL/well) of oligodeoxynucleotides overnight at 4 C and blocked with 2% bovine serum albumin/PBS. After incubation, plates were washed with PBS and specific antibodies were detected with alkaline phosphatase-conjuncted anti-human IgG (Sigma A9544). Following addition of p-nitrophenylphosphate substrate and 3 N NaOH stopping solution, absorbance was measured at 405 nm using an Anthos Laptec Instruments fluorescence reader. Sera were assessed over a range of dilutions from 1:100 to 1:400,000. In addition, sera were measured for serologic responses against the vaccine antigens NY-ESO-1 and MAGE-A3 in standard ELISA at a coating concentration of 2 mg/mL protein. Anti-CpG IgG subtypes were determined by ELISA using biotinylated isotype-specific secondary antibodies B6775, B3998, B3523, and B3648 from Sigma.
Circulating immune complexes
Analysis of circulating immune complexes (CIC) was conducted using standard enzyme immunoassays CIC-C1q and CIC-C3d obtained from Quidel. Serum CICs were measured according to the manufacturers' instructions. Results were graded as positive or negative according to the controls provided with the kit.
Results
Patients
Thirty-seven patients were analyzed for anti-CpG antibodies. Thirty-two of them received CpG 7909 as an adjuvant in combination with NY-ESO-1 peptide and/or NY-ESO-1 protein vaccination. Of these 32 patients, 25 were treated within clinical trials LUD02-007 and LUD03-024 (11, 12) Supplementary Fig. S1 ). Antibody titers were variable among the patients. Maximum antibody titer had reached 1:400 to 1:10,000 in 14 patients, 1:10,000 to 1:20,000 in 2 patients, and 1:25,000 to 1:100,000 in 5 patients. In the CpG/peptides group (1 mg CpG s.c.), anti-CpG antibodies developed in 5 of 11 patients (45%). The number of vaccines did not correlate with the level of anti-CpG titer, for example, patient #5 received 37 doses of CpG and maximum anti-CpG titer was 1:3,200, whereas patient #11 received 8 doses of CpG and maximum anti-CpG titer was 1:100,000. In the CpG/protein group (2.5 mg CpG intradermal), anti-CpG antibodies developed in 14 of 23 patients (61%). Also in this group the number of vaccines did not correlate with antiCpG levels. In the CpG monotherapy group (10-40 mg CpG), anti-CpG antibodies developed in 3 of 4 patients. As summarized in Table 1 , there was no significant correlation between dose, application, and vaccine combination with the development of anti-CpG antibodies. Anti-CpG antibodies decreased in all patients without further administration of CpG-ODN but still remained detectable without further vaccination for up to 2 years in patients #5 and #14. Figure 1 shows the course of anti-CpG 7909 antibody in relation to the antibody response against the vaccine antigen in 5 patients. In patients who developed both, anti-CpG and anti-NY-ESO-1/anti-MAGE-A3 antibodies, anti-CpG antibodies generally developed later and not as high in titer.
Severe adverse events and anti-CpG antibodies
After vaccination, all 37 patients developed local erythema and pruritus for 5 to 7 days at the application site. Severe adverse events occurred in 7 of 37 patients ( Table 2 ). All 7 had developed anti-CpG antibodies of different titers ranging from 1:1,600 to 1:100,000. Patients without anti-CpG antibodies had no severe clinical event. Severe events occurred between 20 and 637 days after administration of CpG and between 28 and 553 days after anti-CpG antibody was detected. In patients #36 and #37, anti-CpG measurement could be carried out only before the treatment and 41 and 35 days after the event, respectively. These two time points did not allow for a reliable time frame evaluation of event to CpG antibody. One patient (#11) had no event at all during treatment with NY-ESO-1 peptide/CpG, whereas anti-CpG titers had developed and reached a maximum 1:100,000. The same patient was further vaccinated in a different study with recombinant NY-ESO-1 protein/CpG and had a severe event 637 days after CpG start and 553 days after anti-GpG antibody was measured, whereas anti-CpG titer remained unchanged at 1:100,000. There is no evidence that the anti-CpG antibody itself is actively involved in the occurrence of severe adverse events although severe adverse events were observed more frequently in patients who received CpG in combination with NY-ESO-1 or MAGE-A3 protein (4 of 23) and in patients who received CpG alone (3 of 4), as compared with patients who received CpG in combination with NY-ESO-1 peptide vaccination (0 of 11). Patients who developed anti-CpG antibodies and who had severe events were also tested for the presence of antinuclear antibodies that are indicative for autoimmune disease. None of the patients showed elevated levels of antinuclear antibodies. The same sera were also analyzed for increased levels of IgE. Patient #11 had a moderately elevated serum IgE at baseline that decreased from 250 to 72 IU/mL during the treatment with CpG 7909 while anti-CpG antibodies developed. All other patients did not show elevated levels of IgE (data not shown). A subset of 10 patients, including those who had severe events, was further analyzed for the presence of CICs to investigate potential negative immunomodulatory effects of the antibody. As shown in Supplementary Figure S2 , CIC levels were within the normal range at any time point and did not change significantly over time.
Specificity of anti-CpG antibodies
We tested anti-CpG 7909 sera against a range of various other CpG motifs that have been modified in backbone and base sequence. As shown in Fig. 2 , anti-CpG 7909 antibodies cross-react with other CpG-ODNs in a CG sequence-independent, phosphorothioate backbone-specific manner. Oligodeoxynucleotide 2006, identical to CpG 7909, and the control oligodeoxynucleotide that contains GpC dinucleotides instead of CpGs were both recognized at the same level by antiCpG 7909 sera. Oligodeoxynucleotide 2216, a type A human TLR9 ligand with a phosphodiester central CpG-containing palindromic motif and a PS 3 0 poly-G string, was generally not recognized. CpG 7909 oligodeoxynucleotide sequence that was only partially modified (some oxygen atoms replaced by sulfur atoms) or not modified at all was recognized less strongly or not at all, respectively. Inhibitory oligodeoxynucleotide sequence containing 4 times the phosphorothioate base sequence TTAGGG was also recognized. No cross-reactivity was found against Escherichia coli K12 ssDNA or mixed bacterial vaccine (Coley's toxin) DNA that contain natural phosphodiester backbone sequences. These results show that unmethylated phosphorothioate CpG 7909 oligodeoxynucleotide leads to the induction of phosphorothioate backbonespecific antibodies. (8, 6, 14) . We and other groups have shown that CpG 7909 when coadministered with Melan-A-or NY-ESO-1-specific peptide-or protein-based cancer vaccines can enhance both, antigen-specific humoral and cellular immune responses against the vaccine (9) (10) (11) (12) . However, as CpG-ODNs can also activate suppressive pathways of the immune system, for example, interleukin-10 production and induction of Treg cells (15, 16) , chemical modifications of CpG-ODNs are currently being investigated to identify the most effective CpG-ODN for the modulation of different properties of the immune response.
A major focus in the development of more effective cancer vaccines is put on the monitoring of the vaccine-induced immune responses that may allow to determine the impact of immunization on clinical outcomes (17) . In this regard, we have investigated patients' immune responses not only against the vaccine antigen but also against the adjuvant and, as a result, identified anti-CpG antibodies in a high proportion of patients. The development of an immune response against the adjuvant itself has been previously described, for example, against keyhole limpet hemocyanin (KLH), and anti-KLH antibodies have generally indicated patients primary in vivo antibody responsiveness (18) . However, this is the first time that anti-CpG antibodies have been described against short unmethylated CpG dinucleotide sequences in humans. The CpG-directed antibodies did not seem to have neutralizing effects against the vaccine since all patients in our NY-ESO-1 protein trial developed high titer antibody responses against NY-ESO-1 and, in addition, generated NY-ESO-1-specific T-cell responses in the presence of CpGdirected antibodies. The development of anti-CpG antibodies was not accompanied by pathologic CIC levels, increased serum IgE levels, or the occurrence of antinuclear and anti-dsDNA antibodies and thus did not appear to be directly related to immune dysfunctions such as allergy or autoimmune reactions. Therefore, in our patients, anti-CpG antibodies did not seem to be actively involved in the occurrence of severe side effects.
Anti-CpG antibodies were shown to be oligodeoxynucleotide phosphorothioate backbone specific, as they did not crossreact with the unmodified phosphodiester form of CpG 7909. The phosphorothioate backbone modification of CpG-ODNs has raised a number of critical questions. Although it displays higher immunostimulatory effects than partially phosphorothioate-modified or the natural phosphodiester form, phosphorothioate oligodeoxynucleotides are most likely to be responsible for the generation of nonsequence specific toxicity. In primates, administration of high doses of phosphorothioate oligodeoxynucleotides resulted in significant and acute toxicity due to transient complement activation (19) .
The biological role and clinical relevance of anti-CpG antibodies is not clear yet and needs to be further investigated. All patients with severe side effects to the vaccine had measurable anti-CpG antibodies and antibodies became detectable already before or after the clinical event was observed. In patients who did not develop anti-CpG antibodies throughout their treatment, severe events were not observed. Thus, anti-CpG antibodies elicited by vaccines may be predictive for the occurrence of more significant immune responses accompanied by more severe side effects. Interestingly, in patients receiving CpG 7909 in combination with a peptide vaccine, no events were observed, whereas events occurred in patients receiving CpG 7909 in combination with a protein vaccine. This observation is even manifested in a single patient (#11) who had a positive anti-CpG antibody and no reaction during treatment with CpG 7909 and NY-ESO-1 peptide, but had a severe adverse event during a subsequent immunotherapy using Thus, anti-CpG antibodies may provide new clues to identify the most immunogenic structure of CpG-ODNs. Furthermore, they may be indicative for the effectiveness of the vaccine and may therefore be used as a marker for the immune response to the cancer vaccine. Anti-CpG monitoring may therefore contribute to an improved understanding of how the induction of CpG antibodies affects the clinical outcome.
